Abstract The aim of this study was to obtain whey protein concentrate-WPC/montmorillonite-MON biopolymers. Mixed whey protein/montmorillonite biopolymers were formed as heat-induced gels and hardened by water evaporation. Increase in protein concentration caused an increase in storage and loss moduli of the gels. Adding 5 % of MON to whey protein gel matrix caused an increase in the moduli value. Obtained biopolymers behaved as weak physical gels as loss tangent was in a range 0.25-0.45. Increase in protein concentration and addition of MON caused increase in viscosity of the biopolymers measured by dissipation of ultrasound vibrations. Addition of MON generally caused reinforcement of the structure of the mixed gels and the material was more resistant to puncture. Addition of MON caused changes in the microstructure of whey protein gel, which became more fine-stranded. It was probably caused by adsorption of the ions by MON. Drying of WPC/MON gels caused formation of very hard biopolymer, which can be applied as natural biodegradable material.
Introduction
Synthetic polymers production is one of the leading industry in the world. Growing environmental concern causes increased interest in development of new biopolymers based on proteins, carbohydrates and lipids obtained from natural or agricultural sources. Additional value is added to biopolymers produced from agricultural and food industry by-products. Bioplastics from protein feedstock used as packaging, agriculture, horticulture and medical materials may have significant advantages over synthetic plastics [1] . Fast biodegradation ratio is the main advantage in production of natural biopolymers. Whey protein isolate films buried in a compost pile began to degrade in 2 days and more than 80 % of total solids were lost in 7 days [2] . Because of their large potential for agricultural, industrial and medicinal applications, nanomaterials have been the focus of many researchers for the past few decades. Among them nanoclays are natural nanomaterials that occur in the soil, among which montmorillonite and allophane are the most important species [3] . Montmorillonite is a di-octahedral clay of which two third of its octahedral sites are mainly occupied by trivalent cations, that is, Al 3? or Fe 3? . Most of the sites of the trioctahedral type are occupied by divalent cations, mostly Mg 2? [4] . Organically-modified montmorillonites formed by intercalation of quaternary ammonium cations, have long been used as rheological modifiers and additives in inks, paints and cosmetics and as delivery systems for the controlled release of drugs and nutraceutics [3] . Montmorillonite clays are widely used for various applications such as drilling fluid, adhesives, aerosols, animal and poultry food pelletization, barrier clays, bleaching earths, catalysts, cement, ceramics, cosmetics, detergents, emulsion stabilizers, fertilizers, food additives, paint, paper, pharmaceuticals, plastics, rubber, water clarification, construction, and adsorbents [5] . In recent years some attempts were made to produce different nanomaterials or biopolymers based on clays with addition of proteins or polysaccharides. Freezedried macroporous foams were prepared from an aqueous colloidal suspension of chitosan/xanthan gum/Na ? -montmorillonite nanoclay. The suspension after freezing formed a cryogel. This product was subsequently dried under vacuum condition to obtain porous foam materials [6] . Wheat gluten/montmorillonite nanocomposite films were obtained in a single screw-extruder using urea as a combined denaturant and plasticizer [7] . The thermoplastic starch and montmorillonite nanocomposite material was obtained by conventional extrusion method [8, 9] . There are no attempts described in the literature to obtain protein/montmorillonite nanocomposite materials using mild heating conditions. There are also no publications on clays/ whey protein biopolymers. The idea of the research was to create a method to incorporate montmorillonite into protein gel matrix and to obtain strong nanopolymer material.
Experimental Materials
Whey protein concentrate-WPC with 80.0 % protein and 3.4 % minerals content (SM Spomlek, Radzyń Podlaski, Poland). Protein concentration was determined by the Kjeldahl procedure [10] , minerals content was provided by the producer. Montmorillonite-MON with surface area 220-270 m 2 g -1 based on the product specification (Sigma-Aldrich, Poznań, Poland).
Methods

Samples Preparation
Whey protein concentrate dispersions (6.0; 7.0; 8.0; 9.0 and 10.0 % w/w) without or with 5.0 % w/w of montmorillonite were made by hydrating in distilled water using a magnetic stirrer. Dispersions were heated in water bath for 30 min. at 80°C. After heating the samples were immediately cooled down with cold tap water for 15 min. Obtained biopolymers were stored at 7°C for 20 h. All the samples after storing were equilibrated at 21°C for 3 h and subjected to evaluations of their physicochemical properties and microstructure.
Samples with montmorillonite were dried in a thermostatic cabinet ST3/3 (Pol-Eko-Aparatura, Wodzisław Ś ląski, Poland) for 48 h at 35°C.
Dynamic Oscillatory Measurements
Dynamic rheological measurements were performed using RS300 (ThermoHaake, Karlsruhe, Germany) rheometer with a serrated parallel steel plate geometry (35 mm diameter, 2 mm gap size) to limit the potentiality of sliding effects. Samples were analyzed by frequency sweeps at 0.1-10 Hz range in linear viscoelastic region (at 0.01 strain evaluated previously by strain sweeps). All the measurements were performed at the temperature 21°C.
Ultrasound Viscosity Measurements
An ultrasound viscometer Unipan type 505 (UNIPAN, Warsaw, Poland) probe was immersed into the samples. The value of viscosity 9 density in mPas 9 g cm -3 was measured. Each result has been shown as an average of six measurements.
Puncture Tests
The undried samples were analyzed using a TA.XT2i Texture Analyzer with a 25-kg load cell (Stable Micro Systems Ltd., Surrey, UK). A penetration test was performed by a 10 mm in diameter steel cylinder probe operated at a crosshead speed of 1 m s -1 and penetration distance of 30 mm. Penetration force was evaluated as a maximum force on the curve. Six measurements were carried out for each test. For dried biopolymer samples the puncture test was performed using a P/2N needle probe. The samples were analyzed on a 15-mm thick metal plate with a 10-mm diameter hole in the center and a crosshead speed of 1 m s
. The thickness of the samples was 2.0 mm at the test area and it was measured using a micrometer with an accuracy of 0.01 mm. Three measurements were carried out to obtain each result. Photographic pictures of the samples breakthrough were made using Macro mode of ELPH 130 IS Canon camera (Canon, Tokyo, Japan).
Scanning Electron Microscopy (SEM)
Samples of undried gels were fixed by immersion in 2.5 % glutaraldehyde solution in 0.1 M sodium cacodylate buffer. The samples were dehydrated in serial dilutions of ethanol and acetone and dried at the critical point in liquid carbon dioxide. Preparations were coated with gold using a vacuum evaporator EMITECH K550x (Emitech, Ashford, United Kingdom). Preparations were viewed and photographed using a scanning electron microscope VEGA II LMU (Tescan, Canberra, USA).
Statistical Analysis
Statistical analysis of results (standard deviation, analysis of variance) was performed using the statistical program STATISTICA 5.0 PL (StatSoft Polska, Warsaw, Poland). The significance of differences between means was determined using the Tukey's test at confidence level of p B 0.05 based on the least significant difference.
Results and Discussion
Rheological Properties Figure 1 presents changes in storage modulus G 0 and loss modulus G 00 of the WPC/MON biopolymers at different frequency. Increase in protein concentration caused an increase in the moduli value. Adding 5 % of MON to whey protein gel matrix caused also an increase in the moduli value. Storage moduli values were for all investigated samples several times higher than loss moduli values. In all cases tan d was smaller than 1 and greater than 0.1 (Fig. 2) . Obtained biopolymers could be characterized as weak gels, as they presented a structure between those of a concentrated biopolymer (tan d [ 1) and a true gel (tan d \ 0.1) [11] . Increased protein concentration and addition of montmorillonite decreased relaxation behavior of the bonds. At 6 % protein concentration the highest values of tan d were observed. It was probably caused by a loosening of the intermolecular forces in gel matrix [12] . Fukushima et al. [13] observed that the addition of clays led to increases in elastic modulus. This was attributed to the reinforcing effect of dispersed fillers, which could hinder mobility of polymer chains in the amorphous phase. Figure 3 shows relation between storage modulus for WPC/ MON biopolymers measured at 10 Hz and protein concentration. A power low correlation was found with high determination coefficient (R 2 = 0.98). Increase in protein concentration caused increase in viscosity of the biopolymers measured by dissipation of ultrasound vibrations (Fig. 4) . This method, similar to dynamic rheology allows the measurement at small strain values with no destruction of the samples. An exponential correlation was found between protein concentration and the product of dynamic viscosity and density measured by an ultrasound viscometer. Figure 5 shows puncture force for investigated WPC/MON biopolymers. Generally an increase in protein concentration resulted in higher force needed to puncture the sample. The relationship was not as regular as for small strain methods. Higher concentration of protein and MON addition caused higher packing of the gel structure and higher probability of interactions, which results in better rheological properties reflected by small strain methods. Higher packing of the polymer can cause higher irregularity in microstructure with weaker areas, which results in crack propagation. Addition of MON generally caused reinforcement of structure and the material was more resistant to puncture. Sothornvit et al. [14] found, that the tensile properties determined by tensile strength and percentage elongation at break were influenced by the incorporation of the organically modified MON. Fukushima et al. [13] showed that the addition of clays considerably increased the compressive strength and modulus of PBAT (poly(butylene adipate-co-terephthalate)). Verbeek and Klunker [15] found, that the Young's modulus of the various composites increased with increasing clay amount. The stiffness of composites increased with the addition of fillers, and the extent to which this occurs depended on the surface area of the filler. Probably biopolymer chains are immobilized at the surface of the filler and strong affinity between the biopolymer and nano-clays leads to stiffening of the matrix [15] . Figure 6 presents representative curve for puncture test performed on dried WPC/MON biopolymer. No strain caused nonlinear changes were observed (no strain weakening or strain hardening) and there was a linear change in the force with increasing strain. At a critical force the structure was destroyed and a sudden drop in the force was observed. The breakthrough of the WPC/MON dried biopolymer obtained at 7 % protein concentration and 5 % MON had smooth and shiny surface (picture not shown), what is in an agreement with the shape of the puncture curve. No microcracks were observed which would cause strain-weakening behavior. The maximum puncture force was noted for biopolymers obtained at 7 and 8 % concentration and the value was about 80 N (Fig. 7) .
Puncture Test
Investigated material was compared to the material tested with exactly the same methodology. Winkler and Margerison [16] assessed changes in the mechanical properties of bovine claw horn using puncture test by a 2 mm diameter needle, the same type as used in our research. Maximum puncture resistance observed by the researchers was about 25 N. It means that the hardness of obtained WPC/MON biopolymer was more than 3 times higher than hardness of bovine claw horn. Undried biopolymer was soft and it was possible to form any shape. Drying caused formation of very strong material. Sharma and Luzinov [1] observed that ageing (water evaporation) during storage of protein biopolymers caused an increase in the mechanical properties of strength and stiffness. microstructure of whey protein gel, which became more fine-stranded. Clay minerals are good adsorbents for metal ions from aqueous solutions, owing to their high cation exchange capacity and high specific surface area associated with their small particle sizes [17] . Montmorillonite has a net negative charge of 0.8 unit per unit cell and this has been responsible for giving superior activity to montmorillonite as ions adsorbent [18] . Figure 9 shows microstructure of 7 % protein WPC/MON biopolymer observed at higher magnification. Elongated structures are observed which are about 500 nm long and 150 nm wide. Cadene et al. [19] observed average dimensions for natural and synthetic MON as 320-400 nm long/250 nm wide and 200-250 nm long/120 nm wide, respectively. Round shaped edges of the montmorillonite crystals are probably from some interactions with protein molecules (Fig. 9) . X-ray diffraction data for the protein-kaolinite complexes showed that protein molecules were not intercalated in the mineral structure, but immobilized at the external surfaces and the edges of the kaolinite. Protein/clay microstructure appear to be influenced by electrostatic interactions, although steric effects should be also considered [20] .
Conclusions
Results show a simple method to form mixed whey protein/montmorillonite biopolymers by obtaining heat-induced mixed gels and hardening them by water evaporation. Addition of MON generally caused reinforcement of the structure and the material was more viscoelastic and resistant to puncture. Addition of MON caused changes in the microstructure of whey protein gel, which became more fine-stranded. It was probably caused by adsorption of the ions by MON. Drying of WPC/MON gels caused formation of very hard material. Obtained biopolymers are very natural, as after disposing in the ground, protein will be hydrolyzed by microbiological enzymes and montmorillonite will return to the soil.
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